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Legend to the Supplementary Figure (ESM2): Strict consensus of the four most parsimonious trees (see Results section). Numbers below internodes are bootstrap percentages (in bold if 50 or higher; “–” indicates clades contradicted by the bootstrap tree, always by clades with bootstrap percentages of 40 or less), numbers above internodes are Bremer values. Some or all of the Bremer values shown as “≥ 5” might actually be 5, because we were unable to find all trees that were up to 5 steps longer than the most parsimonious trees, although the fact that an earlier iteration of this analysis, with a dataset that differed only in two cells, found the same results makes this possibility unlikely.

All amphibians that are not lissamphibians are “lepospondyls” (alternatively, a case could be made that Lepospondyli is – under the present phylogenetic hypothesis – a junior synonym of Amphibia). Strictly speaking, Amphibia is defined with respect to Amniota and therefore cannot be applied to this tree, which lacks amniotes, but the close relationship of Limnoscelis and Amniota has never been doubted. The temnospondyl Gerobatrachus is marked with an arrow.

Methods

The matrix was manipulated in Mesquite 2.6+ (Maddison and Maddison, 2009) on an Intel Macintosh; the analyses were conducted in PAUP* 4.0b10 (Swofford, 2003) on a G5 Macintosh.

We treated polymorphism differently from uncertainty (PAUP* command: “pset mstaxa=variable”). For the reasons explained below, characters 103, 146, 163 and 217 were excluded from all analyses (but kept in the matrix to retain the original numbering for all characters); furthermore, characters 137, 161, 188, and (now) 207 are parsimony-uninformative.

The main analysis was a heuristic search with 10,000 addition-sequence replicates (random addition sequence, 10 trees held at each step, TBR swapping, no limit on rearrangements). Five additional analyses were performed to find all trees that are up to one to five steps longer (the search for those up to five steps longer than the minimum length had to be terminated after 370,000 trees due to lack of memory), in order to find Bremer support values; these analyses had otherwise identical settings to the main analysis, except for consisting of only 200 addition-sequence replicates. We also conducted a bootstrap analysis with 200 bootstrap replicates (100 addition-sequence replicates within each, 10 trees held at each step, TBR swapping).

The term “loss character” seems never to have been defined. We opt for a strict definition: the wholesale loss (on the most parsimonious trees of the publication in question) of entire bones or structures between bones (like fontanelles or the parietal foramen) or on them (canals for the lateral-line system, dermal sculpturing). We have not counted the loss of processes of bones, even conspicuous ones like the tabular “horns”, or other potentially continuous characters; we have also not counted meristic characters (like the number of vertebrae in certain parts of the column). The lists of loss characters in the matrices of Anderson et al. (2008) and Vallin and Laurin (2004) are presented in Supplementary Tables 1 and 2, respectively.

We calculated the g1 statistic for the loss characters and the remaining characters of both matrices (using PAUP*; Swofford, 2003). Unfortunately, Huelsenbeck (1991: table 1; reproduced in Supplementary Table 3, left side) only lists the 5% and 1% significance thresholds for 6, 7 and 8 taxa; the matrices by Vallin and Laurin (2004) and Anderson et al. (2008) are both much larger. However, from 6 to 8 taxa, the thresholds decrease with increasing taxon number. We conclude that all values (Supplementary Table 3, right side) are most likely highly significant, so that all four partitions contain a phylogenetic signal of comparable and high strength.
Modified scores, character definitions and state delimitations

All characters were left unordered by Anderson et al. (2008). However, potentially continuous multistate characters should always be ordered, because the assumption that any character state can more easily change into a similar state than into a very different one was already used for subdividing the potential continuum into discrete states (Wiens, 2001; see Marjanović and Laurin, 2008, for a previous application of this principle). Altogether, we ordered characters 1, 2, 16, 29, 32, 34, 39, 74, 75, 82, 87, 103, 115, 126, 128, 130, 134, 136, 138, 144, 145, 149, 155, 159, 170, 172, 179, 181, 183, 195, 197, 198, 200, 201, 204, 208, 209, and 211. In four cases, the state numbers were not in the appropriate order for this. We exchanged states 0 and 1 of characters 16 and 115. The former state 3 of character 34 was put at the other end, so that the new states 0, 1, 2 and 3 correspond to the old states 3, 0, 1 and 2. The states of character 145 had to be rearranged more extensively: the new states 0, 1, 2 and 3 correspond to the old states 2, 0, 1 and 3, respectively.

More trivially, Anderson et al. (2008) used “?” for missing data and “-” to indicate inapplicable codings, a distinction that no currently existing phylogenetics program can deal with. The hyphen is interpreted as a gap (in a DNA or protein sequence, implying a mixed dataset) by PAUP*; fortunately, the default setting is to interpret gaps as missing data. To avoid problems with the other setting (which is to interpret gaps as a 5th base/21st amino acid), we have replaced every hyphen by a question mark in the NEXUS file (ESM3).

Yet more trivially, we have corrected the spelling “Hapsidoparion” to Hapsidopareion.

Because of the size of this matrix and various time constraints, we have not checked the accuracy of every cell; we have revised mostly those characters whose distribution of states across taxa seemed anomalous and those where we redelimited the states. Indeed, we only noticed the errors in character 193 (see below) after the first submission and had to repeat all analyses; it is therefore possible that the matrix still contains errors.
Despite this, only changes are listed below (as in Marjanović and Laurin, 2008); listing the cells we found to be accurate would require too much space and time.

Character 16: lacrimal possesses both dorsal (prefrontal/frontal) and ventral (jugal/maxillary) processes (0), ventral process only (1), or neither (2) (ordered). In Acanthostega, as correctly coded by character 15, the lacrimal does not participate in the orbit margin (being excluded by prefrontal-jugal contact), so we have scored it as inapplicable ( = unknown).

At least some specimens of Micropholis possess the caudal process (Schoch and Rubidge, 2005: figs. 3B, E), giving it states 1 and 2 (a polymorphism).

We have also changed Branchiosauridae from state 2 to state 1, because the morphologically most mature known specimens possess the ventral process (Schoch and Fröbisch, 2006: figs. 1C, D).

The ventral process is likewise present in Albanerpetontidae (McGowan, 2002: fig. 5B).

This also seems to be the ancestral state for those salamanders (that is, the hynobiids) which possess a lacrimal which participates in the orbit margin, for example Hynobius (Carroll and Holmes, 1980: fig. 4A, C).

Limnoscelis appears to lack both processes (Fracasso, 1983: fig. 3A), although this could be a matter of definition.

Character 22: Prefrontal-postfrontal suture (0); frontal participates in margin of orbit (1). Anderson et al. (2008) defined state 0 only as the opposite of state 1, without mentioning the fact that it contains several different states (for example, Brachydectes lacks postfrontals and has a prefrontal-parietal contact which excludes the frontal from the orbit margin). Furthermore, redefining state 0 as we have done makes explicit that many animals that, at face value, show state 1 should actually be scored as inapplicable.

This includes all lissamphibians in the present matrix except Eocaecilia (which was correctly scored as possessing state 0), because they all lack postfrontals and therefore cannot help lacking a prefrontal-postfrontal contact.

Character 26: Dorsal process of premaxilla: broad, low, indistinct (0); alary process (broad, vaguely triangular) (1); moderately high, vaguely rectangular, or acutely triangular linked directly to base (2); narrow and long, along the sagittal plane or parasagittal (3) (unordered). This coding differs from that by Anderson et al. (2008) so as to better fit the morphological diversity seen especially in extant amphibians. It is congruent with the findings of Good and Wake (1992), but it recognizes two states within the condition that Good and Wake (1992) considered primitive.

Greererpeton shows state 1 (Smithson, 1982).

Seymouria baylorensis is borderline between states 0 and 2 (see Laurin, 1996); we have decided on state 2.

Limnoscelis possesses state 2 (Fracasso, 1983).

All states except 0 occur in salamanders: Karaurus has state 1 (Ivachnenko, 1978: fig. 1); Hynobiidae shows states 3 (Hynobius tsuensis), 1 (Batrachuperus sinensis), and indeterminate (Hynobius naevius) (Carroll and Holmes, 1980: fig. 4). According to figure 5 of the same paper, state 2 occurs in Cryptobranchidae. Ambystoma (ibid., fig. 6) and plethodontids (ibid., fig. 7) possess state 3. Salamandrids can have state 3 (ibid., fig. 8A) or be indeterminate (ibid., fig. 8B). Proteidae exhibits state 3 (ibid., fig. 9), as do Amphiumidae (ibid., fig. 10) and Sirenidae (ibid., fig. 11). To code the single OTU “salamanders”, we have used the same approach as in Marjanović and Laurin (2008): optimizing this diversity onto the phylogenetic hypothesis shown in fig. 8 of Wiens et al. (2005) when Karaurus is added as the sister-group of Urodela, states 1 and 3 emerge as most parsimoniously plesiomorphic for Caudata as a whole, so we have assigned it state 1 or 3 (partial uncertainty).

Most anurans have state 3 (Duellman and Trueb, 1986: figs. 13-17 and 13-18).

Most “microsaurs” also had to be rescored according to Carroll and Gaskill (1978).
Character 34: Caudal margin of the skull roof: undulating (0); concave (1); straight (2); convex (3) (ordered). The place of state 0 in this sequence is certainly debatable; an alternative would have been to consider the median caudal projection of the skull roof a separate character, as Ruta and Coates (2007: 96) did (twice: characters POSPAR 4 and POSPAR 8), defensible by the fact that most but not all taxa with an undulating margin would otherwise count as concave.

The margin is straight in Brachydectes (Wellstead, 1991: figs. 2, 3, 8) and undulating in Sauropleura (Bossy and Milner, 1998: fig. 53B), arguably Ptyonius (ibid., fig. 53G), and Eocaecilia (Jenkins et al., 2007: figs. 1, 2).

Character 39: Large otic notch approaching orbit: absent (0); intermediate (1); close (2) (ordered). Because the albanerpetontids lack an otic or other temporal notch or other embayment, we consider this character (which appears to describe the distance between the rostral margin of the “otic notch” and the caudal margin of the orbit) inapplicable to them.

Character 51: Parietal-squamosal contact: absent (0), present (1). This character is only applicable when the supratemporal is absent. (When present, the supratemporal extends from the tabular and/or the caudal margin of the skull roof to the postorbital, unless a temporal fenestra intervenes as it does in many amniotes and aïstopods; in the latter the fenestra separates the parietal from the squamosal, making the present character likewise inapplicable.) The presence of the supratemporal is already coded as state 0 of character 5; keeping state 51(0) for taxa with 5(0) would therefore correlate these two characters.

Both states occur in Microbrachis (Carroll and Gaskill 1978: figs. 77, 78).

Character 59: Tabular: present (0); absent (1). Having examined the only known (and very confusing) specimen of Triadobatrachus (see Marjanović and Laurin, 2008: appendix-table 1), we provisionally disagree with J. Anderson’s otherwise unpublished reinterpretation of its skull roof and agree with the literature (e.g., Rage and Roček, 1989) that tabulars are absent in this animal.

Character 74: Number of premaxillary teeth: ≥ 10 (0); 5–9 (1); < 5 (2) (ordered). All three states occur in salamanders: Karaurus has about 25 premaxillary teeth (Ivachnenko, 1978: 364, fig. 1a); Batrachuperus sinensis (Hynobiidae) possesses 9; Cryptobranchus and Ambystoma both possess more than 10; Phaeognathus hubrichti (Plethodontidae) shows about 8; Salamandra atra exhibits only about 4; more than 10 are present in Notophthalmus viridescens (Salamandridae) and Necturus (Proteidae); only about 5 occur in Amphiuma and in Habrosaurus (Sirenidae). Using the same approach and the same references as for character 26, states 0 and 1 emerge as candidates for the plesiomorphic state, so we have coded the salamander OTU as possessing state 0 or 1.

Using the same approach, only state 0 (rather than 0 or 1) emerges as plesiomorphic for frogs: Yizhoubatrachus (10 on the right, 11 on the left premaxilla: Gao and Chen, 2004), Notobatrachus (reconstructed with 14 to 15: Sanchíz, 1998: fig. 20B), Mesophryne (16 teeth are preserved on an incomplete premaxilla: Gao and Wang, 2001: 461), Eodiscoglossus (at least 15 tooth positions: Evans et al., 1990: 302), and Ascaphus (Carroll and Holmes, 1980: fig. 3A) all show well over 10 teeth; the variation in Leiopelma even includes 15 to 25 teeth (Sanchíz, 1998: 16, fig. 19G).

Both Albanerpeton (McGowan, 2000: 367; Venczel and Gardner, 2005: 1282) and Celtedens (McGowan, 2002: 5) possess both state 0 and state 1. The only known premaxilla of Anoualerpeton with a complete toothrow preserves 10 teeth (Gardner et al., 2003: 308). Taken at face value, this would make state 0 more parsimonious as the plesiomorphic condition of Albanerpetontidae, but because of the limited sample size we have preferred to score Albanerpetontidae as polymorphic.

Character 75: Number of maxillary teeth: ≥ 30 (0); 20–29 (1); < 20 (2) (ordered). Albanerpeton possesses states 1 and 2 (Gardner, 1999: 536; 2000: 367; Venczel and Gardner, 2005: 1282), while the composite maximum estimate for Anoualerpeton (Gardner et al., 2003: 308) is 25 teeth, thus staying in state 1. In the absence of evidence to the contrary from Celtedens, and due to the small sample size of Anoualerpeton, we have extrapolated the polymorphism of Albanerpeton to Albanerpetontidae as a whole.

Character 84: Occipital condyle: concave (0); convex (1). State 1 was ascribed to Gerobatrachus, but the occipital condyle is not preserved (Anderson et al., 2008: figs. 1, 2). We have therefore scored Gerobatrachus as unknown.

Character 85: Occipital condyle: single (0); double (1). We have changed the score of Gerobatrachus from state 1 to unknown for the reasons mentioned under character 84.

Ecolsonia, on the other hand, possesses a “distinctly double occipital condyle” (Berman et al., 1985: 16).

State 1 is shared by Asaphestera (Carroll and Gaskill, 1978: fig. 6E), Hapsidopareion (ibid., fig. 13B), Pelodosotis (ibid., fig. 48A), Micraroter (ibid., fig. 53), Pantylus (ibid., fig. 25), Cardiocephalus sternbergi (ibid., figs. 30B, C), Cardiocephalus peabodyi (judging from the articular surfaces on the atlas: ibid., fig. 31), Euryodus primus (for the same reason: ibid., figs. 37, 38, 41), Euryodus dalyae (ibid., figs. 42–44), Rhynchonkos (ibid., figs. 63–65), Microbrachis (ibid., figs. 77–79; Vallin and Laurin, 2004: 62), Stegotretus (Berman et al., 1988: 310), Sauropleura scalaris (Bossy, 1976: 96 and fig. 25b), Ptyonius (Bossy, 1976: 145), and Brachydectes (Wellstead, 1991: figs. 2, 15C).

“The surfaces that formed part of the occipital condyle cannot be seen” in Tuditanus (Carroll and Baird, 1968: 12), suggesting that the reconstruction in ventral view by Carroll and Gaskill (1978: fig. 4) is just that – a reconstruction. We have therefore changed its score to unknown.

Much the same holds for Batropetes (Carroll and Gaskill, 1971: 454) and Saxonerpeton (Carroll and Gaskill, 1978: 34).

Bossy (1976: 209) describes the occipital condyle of Urocordylus as “semidouble”, suggesting an intermediate morphology which we have coded as unknown for the sake of simplicity.
Character 86: Jugular foramen: between opisthotic and exoccipital (0); through exoccipital (1). This character has not been described in Doleserpeton, so we have changed its score to unknown.

In frogs, the exoccipital is almost always fused to other braincase bones (Duellman and Trueb, 1986: table 13-1), making it impossible to evaluate the position of the jugular foramen relative to the opisthotic and forcing us to score the frogs as unknown.

Character 87: Jaw articulation: caudal to occiput (0); even with occiput (1); rostral to occiput (2); far rostral to occiput (over 20% of basal skull length) (3) (ordered). The frogs were scored as 0 (a state that really occurs in the separate OTU Triadobatrachus, which was scored correctly; Rage and Roček, 1989), but Notobatrachus (Sanchíz, 1998), Vieraella (Carroll and Holmes, 1980: fig. 3), Ascaphus (same figure, and Noble, 1931: fig. 81A), and others like Pelobates possess state 2. Mesophryne appears to show state 1, but is incompletely preserved and somewhat disarticulated (Gao and Wang, 2001: fig. 4). We have scored it as unknown (though we should have restricted this somewhat).

Character 89: Palatine fangs: present (0); absent (1). This character originally referred to “palatal teeth” in general, but this would correlate to several others like 94 (presence and arrangement of vomerine teeth) and especially 90, which treated fangs and toothrows as states of the same character, even though both can occur together (like in Acanthostega: Clack, 1994: fig. 11C).

Asaphestera is restored by Carroll and Gaskill (1978: fig. 7) as possessing a row of very large teeth on the palatine and ectopterygoid. We count this as state 0 (see Marjanović and Laurin, 2008: 180), even though we also count it as state 1 of the next character (as originally scored).
The palate of Diceratosaurus is illustrated in Jaekel (1902: plate III); it shows state 1.

The palatine of Adelogyrinus is unknown (Andrews and Carroll, 1991).

Character 90: Palatine teeth (marginal-sized): absent (0); multiple in rows (1); multiple random (2) (unordered). See character 89.

Greererpeton possesses a row of palatine teeth (Smithson, 1982).

Limnoscelis lacks palatine teeth (Fracasso, 1983: fig. 2).

Micropholis possesses a palatine toothrow (Schoch and Rubidge, 2005: fig. 1D).

The only known adult specimen of Amphibamus possesses fangs instead of a toothrow (Daly, 1994).

The palatine teeth of Gerobatrachus are small enough to count as denticles, and are not arranged in rows (Anderson et al., 2008: fig. 2a).

All teeth on the palatine of Microbrachis are small enough to count as denticles (Carroll and Gaskill, 1978); this means state 0.

The palate of Diceratosaurus is illustrated in Jaekel (1902: plate III); it shows state 1.

The palatine of Adelogyrinus is unknown (Andrews and Carroll, 1991).

The palatine of Brachydectes is toothless (Wellstead, 1991).

Triadobatrachus has a preserved and apparently toothless palatine, so we have given it state 1 (Rage and Roček, 1989).

Palatine teeth are likewise always absent in the “frogs” OTU (Duellman and Trueb, 1986: 318).

Character 94: Vomerine teeth: absent (0); forming a single row (1); forming a field (2) (unordered). This definition is new. “Teeth” are about the size of the marginal teeth, markedly larger than denticles and smaller than fangs; state 2 is what is exhibited by the sirenids.

Doleserpeton possesses states 1 and 2; there is both a row (near the choana) and a field (Bolt 1969). This might, however, be an artefact of the fact that the marginal teeth are tiny – no teeth of Doleserpeton are sufficiently smaller to count as denticles.

Amphibamus, Gerobatrachus, and Limnoscelis show state 0.

Character 99: Tooth pedicely: absent (0); present (1). We have scored Gerobatrachus as unknown for the reasons explained in Marjanović and Laurin (2008: 179) and done the same with Oestocephalus, Phlegethontia, and Scincosaurus for the reasons explained in the main text of the present paper.

Character 100: Denticles on vomers: present (0); absent (1). Gerobatrachus was scored 0, but, judging from the illustrations rather than the text of Anderson et al. (2008), its vomerine teeth are unambiguously small enough to count as denticles, giving it state 0.

Character 102: Denticles on parasphenoid: present (0), absent (1). Triadobatrachus, frogs, salamanders and albanerpetontids (Celtedens: McGowan, 2002: fig. 13; denticles are also not mentioned for the incomplete parasphenoid part of the os basale of Albanerpeton inexpectatum by Estes and Hoffstetter, 1976: 314) possess state 1, while Eocaecilia shows state 0 (Jenkins et al., 2007).

Character 103: Palatal teeth: larger than marginals (0), equal to marginals (1). This character is correlated to several others (such as 89, 90, 93 and 94); we have therefore excluded it from our analyses.

Character 105: Parasphenoid basal plate: roughly quadrangular, basipterygoid articulations narrowly spaced (0); about as broad as long, articulations moderately distant (1); rectangular laterally, anteroposteriorly narrow, basipterygoid articulations distant (2) (ordered). State 1 was added because the condition in the following OTUs fits neither state 0 nor state 2 (the former state 1):

Tuditanus (Carroll and Gaskill, 1978: fig. 4); Hapsidopareion (ibid., fig. 13); Saxonerpeton (ibid., fig. 22); Cardiocephalus sternbergi (ibid., fig. 30); Euryodus primus (ibid., figs. 36–38); Euryodus dalyae (ibid., figs. 42, 43); Pelodosotis (ibid., fig. 48); Micraroter (ibid., fig. 53); Rhynchonkos (ibid., figs. 63–65); Microbrachis (ibid., fig. 77; Vallin and Laurin, 2004: fig. 5B); Stegotretus (Berman et al., 1988: fig. 8); Ptyonius (Bossy, 1976: fig. 49; Bossy and Milner, 1998: fig. 55B); Diploceraspis (Beerbower, 1963: fig. 4); Scincosaurus (Bossy and Milner, 1998: fig. 57D); Oestocephalus (Carroll, 1998: fig. 3); Brachydectes (Wellstead, 1991: fig. 2); Eocaecilia (Jenkins et al., 2007); salamanders (Carroll and Holmes, 1980).

Furthermore, the condition is unknown in the following OTUs: Gerobatrachus (where the caudal part of the palate is very fragmentary and somewhat disarticulated, so that the statement in the text about the shape of the parasphenoid may not be warranted; Anderson et al., 2008); Urocordylus (Bossy and Milner, 1998: fig. 55A); Batrachiderpeton (where the parasphenoid has a unique shape and is incompletely preserved; Bossy and Milner, 1998: fig. 57B); Adelogyrinus (Andrews and Carroll, 1991: fig. 6).

The condition in Phlegethontia counts as state 0 (Anderson, 2002: fig. 4:2).

Character 109: Stapes orientation: lateral, towards quadrate (0); dorsal, towards squamosal embayment, elongate columella (1). Salamanders possess state 0.

Character 120: Pterygoid extending into subtemporal fenestra, constricting it: no (0); yes (1). The pterygoid sometimes extends a corner (especially when a transverse flange is present on the pterygoid, like in Seymouria [Laurin, 1996] or Limnoscelis [Fracasso, 1983]; incidentally, both were erroneously scored as 0, which we can only explain as a typographic error; but also in the absence of a flange, such corners occur, like in the correctly scored Eryops: Sawin, 1941: plate 2) or a rounded flange (like in the correctly scored Balanerpeton: Milner and Sequeira, 1994) into the subtemporal fenestra, which was erroneously called “posttemp fen” in the supplementary information of Anderson et al. (2008), the posttemporal fenestra being on the occiput.

State 1 is further present in Dendrerpeton (Milner, 1996: fig. 6), Asaphestera, Hapsidopareion, Saxonerpeton (all Carroll and Gaskill, 1978: fig. 108), Euryodus primus and E. dalyae (both Carroll and Gaskill, 1978: fig. 109), Microbrachis (Vallin and Laurin, 2004), and Eocaecilia (Jenkins et al., 2007).

Branchiosauridae is polymorphic (Boy, 1978, 1986, 1987).

The condition in Tuditanus is unknown because the lower jaws are in place (Carroll and Baird, 1968).

In Cardiocephalus sternbergi, the condition is so intermediate (Carroll and Gaskill, 1978: fig. 30) that we score it as unknown.

The palate of Batropetes is too incomplete to tell (Carroll, 1991: fig. 5B).

The only illustration of the palate of Sauropleura scalaris that we know about is fig. 55C of Bossy and Milner (1998). It shows a juvenile. This may be interesting because the adult of S. pectinata, illustrated in fig. 55D, exhibits state 1. Therefore we do not take fig. 55C at face value and score S. scalaris as unknown rather than 0.

The only illustration of the palate of Ptyonius known to us is fig. 55C of Bossy and Milner (1998). It shows state 0 on the left side and state 1 on the right. Taking into account that this line drawing is a somewhat schematic reconstruction, we have scored Ptyonius as unknown.

The palate is entirely unknown in Adelogyrinus. The only adelogyrinid palate illustrated by Andrews and Carroll (1991: fig. 13C) is that of Adelospondylus (which, incidentally, appears to possess state 1, even though the reconstruction in fig. 13D omits it almost entirely); Adelospondylus is not Adelogyrinus.

State 0 is present in all salamanders (except Hynobius, Ambystoma, and the salamandrid Tylototriton: Ivachnenko, 1978; Carroll and Holmes, 1980), as well as in Triadobatrachus (Rage and Roček, 1989: fig. 2B).

In crown-group frogs, state 0 is present (Duellman and Trueb, 1986: figs. 13-3, 13-4), except, under a generous interpretation, in Ascaphus (Carroll and Holmes, 1980: fig. 3A). State 0 is also found in Vieraella (Carroll and Holmes, 1980: fig. 3B) and Yizhoubatrachus (Gao and Chen, 2004), while Notobatrachus (Sanchíz, 1998: fig. 20B) and Mesophryne (Gao and Wang, 2001) possess state 1. In the continued absence of data from animals like Prosalirus (Shubin and Jenkins, 1995), whether the optimization for the “frogs” OTU is state 0 or ambiguous depends on how generous we are with Ascaphus; because there is no flange or other process in Ascaphus – instead, the rod-shaped pterygoid is bent as a whole to make the medial margin of the subtemporal fenestra concave instead of straight or convex –, we have decided to count Ascaphus and thus the “frogs” as a whole as having state 0 (which happens to be shared by Triadobatrachus and the salamanders, see above).

Character 121: Ectopterygoid: present, with fang-pit pair (0); present, without fang-pit pair (1); absent (2) (unordered). Although this character could be ordered on the grounds that the present sequence of states could be interpreted as a gradual shrinking of the ectopterygoid, we have not ordered it because we have not tested the assumption that there is a strong correlation between the size of the ectopterygoid and the presence of fangs.

State 2 is new (Anderson et al. did not distinguish it from state 1). It occurs in Doleserpeton (Bolt, 1969), both pantylids (Pantylus: Carroll and Gaskill, 1978: fig. 25; Stegotretus: Berman et al., 1988: 308), Brachydectes (Wellstead, 1991: fig. 2), salamanders (Carroll and Holmes, 1980), Triadobatrachus (Rage and Roček, 1989) and the other frogs (Duellman and Trueb, 1986: figs. 13-17 and 13-18).

While the presence of a very small ectopterygoid (too small to bear fangs; known, if indeed homologous to the ectopterygoid, in several extant teresomatan caecilians – see Marjanović and Laurin, 2008: 181, for a list and some discussion) cannot be excluded in Eocaecilia (Jenkins et al., 2007: 304), it is at least as probable that this bone was entirely absent (as reconstructed in Jenkins et al., 2007: fig. 1). We have therefore changed its score to state 1 or 2.

Character 146: Vertebral development: arches, then centra (0); arches and centra simultaneously (1). In the absence of a very detailed growth series, it is impossible to distinguish state 1 from a simple lack of temporal resolution. There is widespread agreement about this among development biologists (e.g., Bininda-Emonds et al., 2003: 341). Such detailed growth series that show the stages of the ossification of the vertebral column are probably not available in any fossil limbed vertebrates other than the “branchiosaurs”, where the development of most endochondral bones was delayed (Schoch and Fröbisch, 2006). We have therefore excluded this character, which was already coded for only nine taxa (including two extant ones, one of which is polymorphic), from our analyses.

Perhaps not surprisingly, however, state 0 is known to occur in Utaherpeton (Carroll and Chorn, 1995: fig. 4b).

Character 163: Neural arches of the trunk: paired (0), fused (1). Except (presumably) in Acanthostega (which is polymorphic), this character is correlated to ontogenetic age and paedomorphosis. Therefore, all occurrences of state 0 except (presumably) Acanthostega should be scored as unknown (Wiens et al., 2005); this would make the character parsimony-uninformative. We have excluded this character from all analyses.

Character 168: Cranial surface of atlas centrum: same size as caudal surface (0); laterally expanded (1). The cranial surface is slightly expanded in Sauropleura scalaris (Bossy, 1976: 102 and fig. 25b), giving it state 1.

The same holds for Ptyonius (ibid., fig. 51a) and Urocordylus (ibid., 215).

The only preserved atlas centrum of Keraterpeton we know of (Huxley and Wright, 1867; Jaekel, 1902) is in dorsal view, hiding the cranial and the caudal surface and forcing us to score Keraterpeton as unknown.

The condition seems to be likewise unknown in Diceratosaurus and Scincosaurus.

Brachydectes possesses state 1 (Wellstead, 1991: figs. 11C, 18).

Character 179: Ribs: at least as long as three successive articulated vertebrae and curved in adults (0); like state 0, but straight (1); shorter than three successive articulated vertebrae in adults (2) (unordered). Anderson et al. (2008) called the states “elongated and sometimes curved”, “straight”, and “short, simple rod”, but rib length and curvature are continua, so quantification was necessary to make reproducible coding possible. We have imported the quantification we used in Marjanović and Laurin (2008: 177); all the cautionary notes mentioned there apply here.

While close to the limit (like, e.g., those of Micraroter: Carroll and Gaskill, 1978: fig. 57), the longest ribs of Greererpeton are longer than three successive vertebrae and are curved ventrally and (slightly) caudally (Godfrey, 1989: figs. 1, 3, 4); they are not outside the range of other OTUs with state 0, unlike the case of Diplocaulus with its long, very straight ribs.

Both the cervical (Berman et al., 1985: fig. 13) and the proximal caudal (ibid., fig. 10C, D) ribs of Ecolsonia – others are not preserved – are longer than three successive vertebrae and “moderately curved” (ibid.: 20).

The ribs of Eocaecilia are slightly curved, but curvature is not mentioned in either the original or our wording of state 2, and the ribs are only about as long as one vertebra (Jenkins et al., 2007); we have accordingly scored Eocaecilia as possessing state 2 (like, incidentally, all other lissamphibians).

As explained in Marjanović and Laurin (2008: 177–178), we have also scored Balanerpeton, Dendrerpeton, Acheloma, Cardiocephalus peabodyi, and Rhynchonkos as having state 1.

In Euryodus primus, no complete ribs seem to be known (Carroll and Gaskill, 1978: 64), and the rib fragments illustrated by Carroll and Gaskill (1978: fig. 39) are much shorter than three vertebrae. We have therefore scored E. primus as unknown.

We are not aware of a description or illustration of the ribs of Stegotretus; Berman et al. (1988: 312) state that “[a]lthough ribs are ubiquitous, none are sufficiently preserved or exposed to warrant description.” Accordingly, we have scored Stegotretus as unknown.

The ribs of Adelogyrinus (Andrews and Carroll, 1991: fig. 6) are very similar to those of Greererpeton, but shorter (and somewhat straighter), fitting the definition of state 2.

Even though Lethiscus just reaches state 0 (Wellstead, 1982: figs. 1, 9A), the two aïstopods in the present matrix, Ophiderpeton and Phlegethontia, have clear cases of state 2 (Baird, 1964: fig. 1; Anderson, 2002, figs. 9, 10).

With both Greererpeton and Ecolsonia corrected to state 0, state 1 turns out to be unique to Diplocaulus. A case could be made for merging it into state 0 (ribs in state 2 are not necessarily straight), but we deem such a change unnecessary.
Character 181: Number of sacrals: one (0), two (1), three (2) (ordered). Several “microsaurs” were scored as possessing two sacral vertebrae. We cannot replicate this:

Carroll and Baird (1968: 14) argue that Tuditanus has two sacral vertebrae: “[…] two vertebrae with atypical ribs. The rib of the first, best seen in the type specimen, is thickened at the base and is evidently a sacral [rib]; the rib of the second vertebra is obscure. From the narrowness of the iliac blade it is doubtful that more than a single sacral rib could have articulated directly. Aside from its specialized rib, the principal [ = first; Carroll and Gaskill, 1978: 16] sacral vertebra does not appear to differ significantly from its neighbors. The second appears to have a considerably larger transverse process.” There are only two specimens. In the type (Carroll and Baird, 1968: figs. 4, 5B) the sacral region (with the pelvis, the proximal part of the left femur, and the entire right hindlimb and the tail) is missing – except for the mentioned rib, which is clearly disarticulated and may therefore belong to a vertebra that is not preserved. The referred specimen (ibid., figs. 6, 7) is preserved in ventral view, so that the pelvis obsures the sacral region more or less completely. We find ourselves unable to judge how many sacrals Tuditanus has (even the number 3 cannot be excluded) and therefore have to score it as unknown.

Carroll and Gaskill (1978: 57; see also fig. 31) state that, in the only articulated specimen of Cardiocephalus peabodyi, “[t]here are thirty-seven presacral vertebrae and two sacrals. The block is truncated in the middle of the second sacral, and there is not a trace of caudals.” The second sentence means that state 2 (three sacrals) cannot be excluded.

Two sacral ribs are known from Pelodosotis, but it is apparently not known if they are from the same vertebra, and then the specimen ends (Carroll and Gaskill, 1978: 85; see also fig. 58A). It must therefore be scored as unknown.

The sacral region of Rhynchonkos is apparently known only in the specimen FM-UR 2414, which is stated by Carroll and Gaskill (1978: 109) to possess two sacrals, but illustrated in a way that shows it is much too fragmentary to tell (ibid., fig. 70). We conclude that Rhynchonkos must be scored as unknown.

In Utaherpeton, “[t]wo vertebrae lie adjacent to the central portion of the pelvic girdle. The more anterior is associated with a structure that can be identified as a sacral rib. The second is crushed below the level of the rest of the column and partially covered by the head of the femur. It is uncertain whether it was a second sacral or a first caudal. The ilium is so narrow that it is unlikely to have accommodated more than a single sacral rib.” (Carroll et al., 1991: 318) Evidently, Utaherpeton must be scored as possessing one or two sacrals (and, of course, the latter possibility is clearly less probable than the former).

Character 183: Number of caudal rib pairs: 5 or more (0), 4 (1), 3 (2), 2 or fewer (3) (ordered). Triadobatrachus was given states 0 or 3; we have changed this to unknown because we cannot see a reason to exclude all other states (Rage and Roček, 1989: 11).

Character 191: Cleithrum head: aligned along cranial rim of scapula (0); caudodorsally enlarged head wrapping around dorsal scapula (1). Sauropleura scalaris (Bossy, 1976: fig. 33) and Brachydectes (Wellstead, 1991: fig. 19D) show state 1.

Character 192: Cleithrum head: dorsally greatly expanded, much wider than shaft (0); simple rod without or with slight dorsal expansion (1). Sauropleura scalaris and Brachydectes again possess state 1 (same references as above). So does Ptyonius (Bossy, 1976: fig. 57a).

Character 193: Cleithrum: ossified (0); unossified (1). Triadobatrachus and frogs possess state 0 (Rage and Roček, 1989; Duellman and Trueb, 1986), leaving state 1 only to Albanerpetontidae and salamanders.

Character 201: Deltopectoral crest: weak (0), intermediate (1), prominent (2) (ordered). State 2 occurs in Acanthostega (Coates, 1996: fig. 16), Proterogyrinus (Holmes, 1984: fig. 26) and Greererpeton (Godfrey, 1989: fig. 18), while Eocaecilia possesses state 0 (Jenkins et al., 2007: fig. 41).


The plesiomorphic condition for salamanders appears to be state 0, judging from Chunerpeton (assigned to Cryptobranchidae; Gao and Shubin, 2003: figs. 1, 2), Ranodon (Hynobiidae; Averianov, 1995: fig. 4), Palaeoamphiuma (Amphiumidae; Rieppel and Grande, 1998: fig. 5), and Necturus (Proteidae; Wischnitzer, 1979: fig. 2-8), even though Parahynobius betfianus (Hynobiidae; Venczel, 1999: fig. 2E).

Character 203: Humerus length: long, > 4 trunk centra (0); short (1). Where known (Celtedens: McGowan, 2002: fig. 3), albanerpetontids possess state 1.

Character 206: Carpals: fully or partly ossified (0); unossified (1). Where known (Celtedens: McGowan, 2002: 11), albanerpetontids possess state 0.

Character 207: Basale commune: absent (0); present (1). For the reasons explained in Marjanović and Laurin (2008) – such as comparisons to all other known temnospondyl tarsi and the fact that the tarsus of Gerobatrachus is highly incomplete and disarticulated from the lower leg on both sides –, we have changed the score of Gerobatrachus to unknown. This makes the character parsimony-uninformative.

Character 208: Number of digits in manus: 5 or more (0), 4 (1), 3 (2) (ordered). Apparently like Anderson et al. (2008), we have not counted the prepollex as a digit, and we have counted the metacarpal as part of the digit (so that Scincosaurus, which possesses what “may represent a very reduced fifth” metacarpal, retains state 0; Bossy and Milner, 1998: 99, fig. 66G).

We have furthermore accepted the decision by Anderson et al. (2008) to score Eocaecilia as having three digits per hand (and foot: character 219), something that Jenkins et al. (2007) consider highly likely but not certain.

Greererpeton was long interpreted as having four fingers per hand, and was scored accordingly. However, Coates (1996: 415) mentions and illustrates a fairly well preserved specimen with five fingers and mentions another that preserves four, one of which is the (distinctively small) fifth. Consequently, there is no evidence for four fingers (state 1) in any specimen of G. in the literature, and we code G. as pentadactyl (state 0).

Dendrerpeton preserves four distal carpals (Holmes et al., 1998), which means that four or more fingers were present (state 0 or 1).

We infer that Acheloma had four or more fingers (state 0 or 1) because it appears to have had five distal carpals (Olson, 1941), of which the tiny cranialmost one could belong to a prepollex. As in Dendrerpeton, no metacarpals or fingers are preserved.

Micropholis possessed four fingers per hand (Schoch and Rubidge, 2005: 512), giving it state 1.

Tambachia was scored as unknown, but state 2 can be excluded (Sumida et al., 1998), so we have scored it as showing state 0 or 1.

Saxonerpeton, on the other hand, is so incompletely preserved that none of the states can be ruled out (Carroll and Gaskill, 1978: 38).

Rhynchonkos was scored as 1, but while four metacarpals are preserved, a higher number cannot be excluded based on the preservation (Carroll and Gaskill, 1978: 111).

Urocordylus has state 0 (Bossy and Milner, 1998: 98–99, fig. 66A).

Bossy and Milner (1998) say Keraterpeton has state 1 as originally scored. However, Jaekel (1902) provides a line drawing of Keraterpeton (fig. 2) that shows articulated but incomplete hands which may well have had five fingers. Huxley and Wright (1867) claim five metacarpals and fingers to be present, but their plate XIX (or at least our bad photocopy of it) appears to show only four; Bossy (1976:304), contradicting Bossy and Milner (1998), writes “My own investigations corroborate the existence of the five-digit manus in this genus.” Awaiting a reply from Milner, we have scored Keraterpeton as possessing state 0 or 1.

Jaekel (1902) says three times explicitly that Diceratosaurus had pentadactyl hands, and illustrates a convincing pentadactyl hand in the specimen drawing (plate IV-6), even though Bossy & Milner (1998) explicitly disagree, stating the animal to be tetradactyl as originally coded. This is all the more surprising because Bossy earlier (1976: 304) wrote “Diceratosaurus definitely has five forefingers (pers. obs.)”. Because we have not been able to find the reason for this discrepancy, we have scored Diceratosaurus as possessing state 0 or 1.
Character 217: Number of distal tarsals: 6 (0), 5 or fewer (1). Three OTUs were scored as possessing six distal tarsals: Acanthostega, Tuditanus, and part of the salamanders (the “salamanders” OTU is scored as having state 0 or 1, but polymorphism was clearly intended). Regardless of which condition is plesiomorphic for salamanders, we think the extra distal tarsal is not homologous between any of these taxa. In Acanthostega, the caudalmost “distal tarsal”, to which three “metatarsals” attach directly, is better interpreted as the fibulare (e.g., Coates, 1996: fig. 24; Johanson et al., 2007: fig. 1); in the fully articulated referred specimen of Tuditanus, the distal tarsal that does not correspond to a metatarsal lies on the caudal side (Carroll and Baird, 1968: figs. 6, 7) and could therefore represent a postminimus (or, of course, something entirely different like a sesamoid), but neither the fibulare nor a prehallux; in the salamanders with an extra distal tarsal, this is the prehallux (as the first digital ray in the foot of Acanthostega, including the “first” distal tarsal rather than the “sixth”, might be) or the centrale 1 (the so-called “prehallux” in Duellman and Trueb, 1986: fig. 13-33B; the “centrale” in that figure is the centrale 4). We have therefore excluded this character from our analyses.

Results and conclusion

Four most parsimonious trees were found (length = 1264 steps, consistency index excluding parsimony-uninformative characters = 0.2659, retention index = 0.6003, rescaled consistency index = 0.1610). Their only differences lie in whether Ecolsonia (in two trees) or Tambachia (in the two others) is the sister-group of Acheloma, and in whether Pantylidae ( = Pantylus + Stegotretus) is the sister-group of Ostodolepididae ( = Pelodosotis + Micraroter) (in two trees) or of Batropetes + (Rhynchonkos + Gymnarthridae [ = Cardiocephalus + Euryodus]) (in the two others). The strict consensus is shown in the Supplementary Figure.

All most parsimonious trees support the lepospondyl hypothesis, with a monophyletic Lissamphibia as the sister-group of Brachydectes and nested inside the “microsaurs”, even though the positions of the paraphyletic “nectrideans” and the aïstopods (Oestocephalus, Phlegethontia) as well as the topology of the “microsaurs” differ from those found by Vallin and Laurin (2004).

The bootstrap values (see the Supplementary Figure) are generally low – indeed, several clades are contradicted by the bootstrap tree, which for example finds Nectridea to be monophyletic (if only in 39% of the replicates) and arranges the “microsaurs” in a rather different way. The monophyly of Lissamphibia is found in only 23% of the bootstrap replicates, and the Brachydectes-Lissamphibia clade in only 22.

Nonetheless, Amphibia ( = everything more closely related to Lissamphibia than to Amniota, here including Lissamphibia and the “lepospondyls”) has a bootstrap percentage of 68. A clade composed of all temnospondyls and all lissamphibians but no “lepospondyls” does not occur in the list put out by PAUP* that shows all clades found in 5% or more of the bootstrap replicates (reproduced below as Supplementary Table 4), arguing strongly against the temnospondyl hypothesis.

No clade that includes Gerobatrachus and some or all lissamphibians but no “lepospondyls” has a bootstrap percentage greater than 14 (Supplementary Tables 4 and 5), and no clade that includes all temnospondyls and some lissamphibians, but no “lepospondyls”, has a bootstrap value greater than 7. We think that the support for a special relationship between Gerobatrachus and some lissamphibians is not significant, because it is not only small in absolute terms and much smaller than the support for the clade composed of all “lepospondyls” and lissamphibians (68, see above), but also smaller than the support for clades which contain frogs, salamanders and lepospondyls but neither any temnospondyls nor Eocaecilia, contradicting both the monophyly of extant amphibians and all existing versions of the polyphyly hypothesis (18 and smaller); see Supplementary Table 5 for a more detailed comparison. At 22, the highest bootstrap percentage for any clade compatible with the polyphyly and not the lepospondyl hypothesis is not significantly higher either (the clade in question consists of Eocaecilia and the “microsaur” Rhynchonkos, and is the only clade with a bootstrap value above 14% that is compatible with the polyphyly hypothesis).

127 trees have the minimum length or are one step longer. Their strict consensus is poorly resolved (all nodes marked “1” in the supplementary figure collapse), e.g., Eocaecilia is no longer guaranteed to be the sister-group of the clade composed by the other “lissamphibians”, but it still contains a “nectridean”-aïstopod-“lissamphibian”-Brachydectes clade nested inside two more clades of amphibians, from which all of the “temnospondyl” clades (Temnospondyli having collapsed) are excluded. The majority-rule consensus is practically identical in topology to the strict consensus of the most parsimonious trees.

1635 trees are up to two steps longer than the minimum length. In the strict consensus, Amphibia survives and still excludes all “temnospondyls” while still including the fully resolved Albanerpetontidae + (salamanders + (Triadobatrachus + frogs)) clade. The topology of the majority-rule consensus has not changed.

13,396 trees are up to three steps longer than the minimum length. The only noteworthy change in the strict consensus is that Albanerpetontidae is no longer guaranteed to be the sister-group of the salamanders + (Triadobatrachus + frogs)); Amphibia survives. The topology of the majority-rule consensus has changed imperceptibly.

The same holds for the 81,754 trees that are up to four steps longer than the minimum.

Because the computer had run out of memory, the search for trees up to five steps longer than the minimum length was terminated after 367,200 trees had been found. Their strict consensus does not contain Amphibia anymore (Amphibia thus has a Bremer value of 5); even salamanders and (Triadobatrachus + frogs) take part in the basal polytomy. The majority-rule consensus has changed imperceptibly in topology and is still almost completely resolved; Amphibia, for example, still occurs in all but four of the 367,200 trees.

The lepospondyl hypothesis is thus strongly supported by the present matrix, even though no characters or taxa were added to the matrix by Anderson et al. (2008), and even though the taxon sampling outside of Amphibamidae and Amphibia is poor. For further conclusions regarding errors in data matrices see Marjanović and Laurin (2008).
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Supplementary Table 1: List of loss characters in the matrix by Anderson et al. (2008). All of them are retained in our version of the matrix (ESM3), although 137 is parsimony-uninformative.

4 Intertemporal: present (0), absent (1)

5 Supratemporal: present (0), absent (1)

10 Squamosal-tabular [contact]: absent (0), present (1), fused (2)1
13 Lacrimal: present (0), absent (1)

18 Quadratojugal: present (0), absent (1)

24 Nasals: present (0), absent (1)

27 Internarial fontanelle: absent (0), present (1)

28 Septomaxilla: ossified (0), unossified (1)2
38 Otic notch: present (0), absent (1)

45 Postorbital: present (0), absent (1)

53 Postparietals: paired (0), fused (1), absent (2)

54 Parietal foramen: present (0), absent (1)

59 Tabular: present (0), absent (1)

64 Lateral line canal grooves: present (0), absent (1)

65 Dermal sculpturing: circular pits (0), shallow ridges and grooves (1), little to none (2)

81 Labyrinthine in-folding [sic]: present (0), absent (1)

83 Supraoccipital: absent (0), present (1)

89 Palatal teeth: present (0), absent (1)

92 Anterior [part of] palatine: short anteromedial process articulating with vomer at choana (0), long anteromedial process, more medial than lateral (1), palatine absent (2)

93 Vomerine teeth: present (0), absent (1)

96 Intervomerine rostral fenestration: absent (0), present (1)

97 Denticles on pterygoid: present (0), absent (1)

98 Teeth on pterygoid: absent (0), present (1)

100 Denticles on vomers: present (0), absent (1)

101 Denticles on palatines: present (0), absent (1)

102 Denticles on parasphenoid: present (0), absent (1)

107 Basicranial articulation: loose (0), sutured or fused (1)

108 Stapes: perforated stem (0), imperforate stem (1), no stem (2)3
114 Sphenethmoid: ossified (0), unossified (1)

115 Interpterygoid vaccuities [sic]: narrow (“closed”) (0), wide (1), fused at midline (2)4
121 Ectopterygoid: present with fang-pit pair (0), present[,] lacking fang-pit pair (1), absent (2)5
126 Surangular: normal (0), reduced (1), absent (2)

128 Number of splenials: 2 (0), 1 (1), 0 (2)6
130 Meckelian fossae [sic – actually fenestrae, lacking a bony floor]: 2 or more (0), 1 (1), 0 (2)

136 Number of coronoids: 3 (0), 2 (1), 1 (2), 0 (3)7
137 Coronoid teeth: present (0), absent (1)

140 Jaw sculpture: present (0), absent (1)

141 Ossified hyoids: present (0), absent (1)

148 Trunk intercentra: present (0), absent (1)

156 Haemal arches: present (0), absent (1)

167 Atlas-axis intercentra: present (0), absent (1)

169 Atlas centrum: multipartite (0), single notochordal (1), single odontoid (2)8
174 Proatlantes: present (0), absent (1)

176 Atlas ribs: one pair (0), two pairs (1), absent (2)9
190 Interclavicle sculpture: present (0), absent (1)

193 Cleithrum: ossified (0), unossified (2)2
196 Supraglenoid foramen: present (0), absent (1)

208 Number digits – manus: 5 or more (0), 4 (1), 3 (2)10
219 Number of digits, pes: 5 or more (0), 4 or less (1)11
1 State 2, the presence of a single bone in the area normally occupied by the squamosal and the tabular, can at least as easily be interpreted as the loss of the tabular with replacement by the squamosal (or imaginably the other way around).

2 These are dermal bones, so “unossified” equals “absent”.

3 State 1 refers to the loss of the stapedial foramen.

4 This obviously refers to the pterygoids touching each other and/or the parasphenoid throughout the length of their medial margins, in other words, the loss of the interpterygoid vacuities as seen for example in Seymouria and Batrachiderpeton.

5 This character refers to the loss of the fangs and the loss of the bone that carries them and therefore counts as two loss characters.

6 This character refers to the sequential loss of two bones and therefore counts as two loss characters. We have opted not to treat character 53 the same way, because there is evidence for the fusion of the two postparietals (left and right), but none for the fusion of the two splenials (“presplenial” and “postsplenial” in each hemimandible).

7 Referring to the sequential loss of three bones, this character counts as three loss characters.

8 States 1 and 2 both refer to the absence of the atlas intercentrum, so this character counts as a single loss character.

9 State 1 refers to the fusion of atlas and axis, so this character counts as a single loss character.

10 Counted as two loss characters.

11 Counted as one loss character.
Supplementary Table 2: List of loss characters in the matrix by Vallin and Laurin (2004). Except for character 3, taken from the NEXUS file of Vallin and Laurin (2004), the spellings of the names of the characters and their states are taken from Laurin (1998); the six characters added later are not loss characters.

1 Lateral-line location in adults: in channels below the surface of the dermal bones (0), in grooves at the surface of the dermal bones (1), in soft tissues or absent (2)

2 Lateral-line grooves in ontogeny: present at least in the adults (may also be present in larvae) (0), present only in the larvae (1), never present (2)

3 Dermal sculpturing: ‘honeycomb’ pattern of ridges and pits (0), cosmine (1), shallow pits widely spaced from each other on an otherwise smooth surface (2), narrowly separated protuberances (3), smooth (4), broadly separated low tubera (5)1
4 Rostrum: absent, mouth terminal (0), short, high rostrum protruding anterior to the premaxillary teeth (1), long, low (2)

5 Orbit shape: ovoid (0), confluent with a large antorbital fenestra (1), open posteriorly (2)2
10 Anterior tectal: present (0), absent (1)

15 Pineal foramen: present (0), absent (1)

16 Intertemporal: present (0), absent (1)

17 Supratemporal: present (0), absent (1)

18 Tabular: present (0), absent (1)

22 Postparietal number: two (paired) (0), single, median (1), none (2)

25 Prefrontal: present (0) absent (1)

27 Postfrontal: present (0), absent (1)

28 Postorbital: reaches orbit (0), excluded from orbit (1), absent (2)

29 Lacrimal: reaches orbit (0), excluded from orbit (1), absent (2)

30 Jugal: borders orbit (0), excluded from orbit (1), absent (2)

31 Temporal emargination: absent, area covered by opercular bones (0), present, bordered by squamosal, tabular, and (sometimes) supratemporal (1), absent, area covered by squamosal, supratemporal, and tabular (2), present, bordered by quadrate (3), present, bordered by squamosal (4)3
35 Quadratojugal: present (0), absent (1)

37 Lateral palatal tooth row: present, complete (0), incomplete (1), absent (2)

39 Palatal recess: median (0), divided medially (1), absent (2)

40 Vomerine fangs: present (0), absent (1)

41 Vomerine shagreen of denticles: absent (0), present (1)

42 Palatine: discrete (0), fused or absent (1)

44 Palatine fangs: present (0), absent (1)

45 Palatine shagreen of denticles: absent (0), present (1)

46 Ectopterygoid: present (0), absent (1)

47 Ectopterygoid fangs: present (0), absent (1)

48 Ectopterygoid shagreen of denticles: absent (0), present (1)

51 Pterygoid shagreen of denticles: present (0), absent (1)

54 Interpterygoid vacuity: narrow (0), broad (1), absent (2)

58 Parasphenoid denticles: present (0), absent (1)

60 Ventral cranial fissure: present (0), absent (1)

65 Braincase endochondral roof: ossified as a unit (0), unossified (1), composed of exoccipital (2), composed of a discrete supraoccipital (3)4
67 Basioccipital and exoccipital: indistinguishably fused in adults (0), suturally distinct throughout ontogeny (1), basioccipital never distinct (2)5
70 Preopercular: present (0), absent (1)

71 Subopercular: present (0), absent (1)

72 Epipterygoid ossification: present (0), absent (1)

74 Basicranial articulation: not fused, potentially mobile (0); sutured, immobile (1)

78 Stapedial foramen: present (0), absent (1)

79 Mandibular fenestrae: absent (0), small fenestrae present in splenial, postsplenial, and angular (1), large fenestra(e) present between angular, postsplenial, splenial, and prearticular (2)

80 Anterior coronoid: present (0), fused or absent (1)

81 Middle coronoid: resent (0), fused or absent (1)

82 Posterior coronoid: present (0), fused or absent (1)

83 Anterior splenial: present (0), fused or absent (1)

84 Postsplenial: present (0), fused or absent (1)

85 Angular: present (0), fused or absent (1)

86 Surangular: present (0), fused or absent (1)

88 Coronoid fangs: present (0), absent (1)

89 Coronoid denticles: absent (0), present (1)

90 Dentary: dentigerous (0), edentulous

92 Medial mandibular tooth row: on coronoids (0), absent (1), on pseudodentary (2)

96 Labyrinthine infolding: present (0), absent (1)

98 Presacral centra (excluding atlas-axis complex): large, crescentic intercentra and small, paired, dorsal pleurocentra (0); cylindrical intercentra only (1); crescentic intercentra only (2); crescentic intercentra and cylindrical pleurocentra (3); circular intercentra and pleurocentra (4); cylindrical pleurocentra only (5)6
109 Atlantal intercentrum: present (0), absent (1)

115 Number of sacral vertebrae: none (0), one (1), two or more (2)

117 Discrete dorsal fin: present (0), absent (1)

118 Radials in caudal fin: present (0), absent (1)

120 Interclavicle: without a parasternal process (0), with a parasternal process (1), absent (2)

121 Clavicle: present (0), absent (1)

123 Cleithrum: with a dorsal expansion (0), slender, without a discrete dorsal expansion (1), with a ventral expansion (2), absent (3)

125 Anocleithrum: present (0), absent (1)

126 Lateral extrascapular: present (0), absent (1)7
127 Median extrascapular: present (0), absent (1)7
130 Humerus: present (0), absent (1)

141 Number of digits in manus: none (0), eight (1), five (2), four (3)8
142 Number of pelvic ossifications: one (0), three (1), two (2)9
150 Number of pedal digits: none (0), seven (1), five (2), four (3)10
151 Number of phalanges in second pedal digit: two (0), three (1)

152 Number of phalanges in third pedal digit: three (0), four (1)

153 Number of phalanges in fourth pedal digit: four (0), five (1), three (2)

154 Number of phalanges in fifth pedal digit: four (0), five (1), three (2), two (3)

155 Lepidotrichia in caudal fin: present (0), absent (1)

1 State 4 refers to the loss of sculpturing.

2 State 2 refers to the loss of bones such as the postorbital.

3 State 2 refers to loss of the emargination.

4 Under the lepospondyl hypothesis, loss of the suproccipital (from state 3 to state 1) is a lissamphibian autapomorphy; this disappears under the temnospondyl hypothesis, however. This character could thus be said to be a loss character that supports the temnospondyl hypothesis.

5 State 2 refers to the loss of the basioccipital: “The basioccipital of lissamphibians is never distinct and there does not appear to be a discrete ossification centre for this element (2).” (Laurin, 1998)

6 States 1 and 2 refer to the loss of pleurocentra, and state 5 to the loss of intercentra. Therefore this character is counted as two loss characters.

7 Counted as a single loss character because a functional correlation is hypothesized and no taxon is known to possess either lateral extrascapulars or the median one but not both.

8 Counted as three loss characters: no taxon with seven manual digits is known, but one with six (Tulerpeton) is, even though it is not present in the matrix.

9 State 2 refers to loss of ossification of the pubis.

10 Counted as three loss characters (even though the only known taxon with six pedal digits, Tulerpeton, is not present in the matrix).

Supplementary Table 3: Left: Significance thresholds for the g1 statistic for different numbers of taxa (from Huelsenbeck, 1991: table 1); right: rounded values of the g1 statistic for the loss characters and the remaining characters of the matrices of Anderson et al. (2008) and Vallin and Laurin (2004). Note that these are actually two separate tables that should be compared to each other and are put side-by-side here for this purpose.


“g1 values less than the values in the table are outside of the 95% or 99% confidence limits for tree-length distributions from random data.” (Huelsenbeck, 1991: legend of table 1)


Abbreviations: “Loss”, loss characters as defined in the text and listed in Supplementary Tables 1 and 2; “Others”, all other characters of the same matrix.

	Significance thresholds from Huelsenbeck (1991: table 1)
	Character type
	Anderson et al. (2008)
	Vallin and Laurin (2004)

	P value
	6 taxa
	7 taxa
	8 taxa
	
	54 taxa
	48 taxa

	0.05
	–0.51
	–0.45
	–0.34
	Loss
	–0.31
	–0.55

	0.01
	–0.67
	–0.60
	–0.47
	Others
	–0.35
	–0.37


Supplementary Table 4: Table of results of the bootstrap analysis, put out by PAUP* (Swofford, 2003). Temnospondyls marked in green, lissamphibians in red; the taxa between these two blocks are the “lepospondyls”. Clades that are compatible with the polyphyly hypothesis (by containing some or all temnospondyls, frogs, and salamanders, but not Eocaecilia or any “lepospondyls”, or by containing Eocaecilia and some or all “lepospondyls” but no temnospondyls, frogs or salamanders) are underlined; clades that contradict both the monophyly of extant amphibians and the polyphyly hypothesis (by containing frogs, salamanders and lepospondyls but neither any temnospondyls nor Eocaecilia) are marked in bold and italics. See Supplementary Table 5 for more explanation.

Bipartitions found in one or more trees and frequency of occurrence (bootstrap support values):
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........**....*.......................................     24.15  12.1%
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.................................................*.***     17.31   8.7%

....................****..............................     17.20   8.6%
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..................................................**..     15.88   7.9%

.........................****......*..................     15.77   7.9%

....................................*.*...............     15.57   7.8%

.............*....*...................................     15.29   7.6%

....................................*****.............     15.18   7.6%

....................................********..**......     15.06   7.5%

..........*..*.....*..................................     15.06   7.5%

........***...........................................     15.04   7.5%
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.................................**.*********.********     14.85   7.4%
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....................************...*..................     13.22   6.6%

..................................*...........**......     13.19   6.6%

..........................**..........................     13.13   6.6%

........................********...*..................     13.12   6.6%

.......................................*.***..........     13.11   6.6%

.................................*...............*....     12.77   6.4%

..................................*.********..........     12.66   6.3%

...................*..............................****     12.58   6.3%

.....*..***..***.***..................................     12.26   6.1%

................................................*.****     12.25   6.1%

...............................*.*...............*....     12.21   6.1%

......................**........*.....................     12.05   6.0%

...............................*....*********.********     11.93   6.0%

........................*****..*.*.*.............*....     11.76   5.9%

..............................................**.*****     11.71   5.9%

.........................****..*.*..*********.********     11.39   5.7%

........***..*******..................................     11.02   5.5%

.......***********************************************     10.76   5.4%

......................**********.*.*..................     10.72   5.4%

....................************.*.*..................     10.69   5.3%

..............*.....**********************************     10.58   5.3%

..................................*.*********.**......     10.54   5.3%

....................************.************.*****...     10.48   5.2%

....................************.*.*.............*....     10.36   5.2%

.........................**....*......................     10.28   5.1%

....*...............*******************************...     10.15   5.1%

.........................****..*...*..................     10.02   5.0%

2102 groups at (relative) frequency less than 5% not shown

Supplementary Table 5: List of the clades found in the bootstrap analysis which are compatible with the polyphyly hypothesis (Supplementary Table 4, underlined) and of those that are incompatible with both the monophyly of extant amphibians and the polyphyly hypothesis (Supplementary Table 4, bold and italics), with others added for comparison. Clades that contradict the lepospondyl hypothesis but not the polyphyly hypothesis are marked in bold.


Abbreviations: LH, lepospondyl hypothesis; PH, polyphyly hypothesis; TH, temnospondyl hypothesis; Salientia: Triadobatrachus and the “frogs” OTU.

	Contents of the clade
	Clade contradicts:
	Bootstrap percentage

	
	LH
	PH
	TH
	

	all “lepospondyls”, Lissamphibia
	no
	yes
	yes
	67.5

	all “lepospondyls” except Adelogyrinus, Lissamphibia
	no
	yes
	yes
	43.6

	Temnospondyli
	no
	yes
	yes
	36.5

	all “lepospondyls”, Lissamphibia, Limnoscelis
	no
	yes
	yes
	35.8

	all “lepospondyls”, Lissamphibia, Limnoscelis, Seymouria, Proterogyrinus
	no
	yes
	yes
	30.3

	all “lepospondyls” except Adelogyrinus and Microbrachis, Lissamphibia
	no
	yes
	yes
	28.6

	all “lepospondyls”, Lissamphibia, Limnoscelis, Seymouria
	no
	yes
	yes
	27.8

	all temnospondyls except Eryops, Ecolsonia, Acheloma and Tambachia
	no
	yes
	yes
	25.9

	Tersomius, Doleserpeton, Micropholis, Eoscopus, Platyrhinops, Amphibamus, Gerobatrachus (thus same as above except Balanerpeton, Dendrerpeton, Branchiosauridae and Micromelerpetontidae)
	no
	rather yes
	rather yes
	25.3

	Doleserpeton, Amphibamus, Gerobatrachus
	no
	rather no
	rather no
	24.1

	all temnospondyls except Balanerpeton, Dendrerpeton and Eryops
	no
	yes
	yes
	23.1

	Lissamphibia
	no
	yes
	no
	22.7

	Rhynchonkos, Eocaecilia
	yes
	no
	yes
	22.4

	Brachydectes, Lissamphibia
	no
	yes
	yes
	22.1

	Tersomius, Doleserpeton, Eoscopus, Platyrhinops, Amphibamus, Gerobatrachus
	no
	rather yes
	rather yes
	20.1

	all “nectrideans”, Aïstopoda, Brachydectes, Lissamphibia
	no
	yes
	yes
	19.3

	all “nectrideans”, Aïstopoda, Albanerpetontidae, salamanders, Salientia
	yes
	yes
	yes
	18.1

	Aïstopoda, Brachydectes, Lissamphibia
	no
	yes
	yes
	17.3

	all “nectrideans”, Aïstopoda, Brachydectes, Albanerpetontidae, salamanders, Salientia
	yes
	yes
	yes
	17.0

	all temnospondyls except Balanerpeton, Dendrerpeton, Eryops, Ecolsonia, Acheloma and Tambachia, all “lepospondyls”, Lissamphibia
	no
	no1
	rather yes
	16.6

	Aïstopoda, Albanerpetontidae, salamanders, Salientia
	yes
	yes
	yes
	15.9

	all “lepospondyls” except Microbrachis, Utaherpeton and Adelogyrinus, Lissamphibia
	no
	yes
	yes
	14.4

	same as above except Tuditanus, Asaphestera, Hapsidopareion and Saxonerpeton
	no
	yes
	yes
	14.1

	Gerobatrachus, salamanders, Salientia
	yes
	no
	no
	13.9

	all temnospondyls except Balanerpeton, Dendrerpeton and Eryops, all “lepospondyls”, Lissamphibia
	no
	no1
	rather yes
	13.9

	all “nectrideans” except Scincosaurus, Aïstopoda, Brachydectes, Lissamphibia
	no
	yes
	yes
	12.2

	all “lepospondyls” except Utaherpeton and Adelogyrinus, Lissamphibia
	no
	yes
	yes
	12.2

	Doleserpeton, Platyrhinops, Gerobatrachus
	no
	rather no
	rather no
	11.9

	all “lepospondyls” except Utaherpeton, Lissamphibia
	no
	yes
	yes
	11.1

	Greererpeton, Temnospondyli
	no
	yes
	yes
	10.8

	Rhynchonkos, Batropetes, all “nectrideans”, Aïstopoda, Brachydectes, Lissamphibia
	no
	yes
	yes
	9.6

	same as above except Rhynchonkos
	no
	yes
	yes
	9.4

	Hapsidopareion, Brachydectes
	no
	no
	no
	9.4

	Gymnarthridae, Rhynchonkos, Eocaecilia
	yes
	no
	yes
	9.3

	all temnospondyls except Eryops, all “lepospondyls”, Lissamphibia
	no
	no1
	rather no
	9.3

	Aïstopoda, Brachydectes, Lissamphibia except Eocaecilia
	yes
	yes
	yes
	9.2

	all “lepospondyls”, Eocaecilia, Albanerpetontidae
	yes
	no
	yes
	9.0

	all temnospondyls except Eryops, Ecolsonia, Acheloma and Tambachia, all “lepospondyls”, Lissamphibia
	no
	no1
	rather no
	9.0

	Platyrhinops, Amphibamus, Gerobatrachus
	no
	rather no
	rather no
	9.0

	Lissamphibia without Albanerpetontidae
	no
	yes
	no
	8.7

	Utaherpeton, all “nectrideans”, Aïstopoda, Brachydectes, Lissamphibia
	no
	yes
	yes
	8.4

	Pantylidae, Gymnarthridae, Ostodolepididae, Rhynchonkos, Batropetes, Eocaecilia
	yes
	no
	yes
	8.3

	all “lepospondyls” except Tuditanus, Asaphestera, Microbrachis and Adelogyrinus, Lissamphibia
	no
	yes
	yes
	8.1

	Albanerpetontidae, salamanders
	no
	no
	no
	7.9

	Batropetes, Utaherpeton, all “nectrideans”, Aïstopoda, Brachydectes, Lissamphibia
	no
	yes
	yes
	7.4

	Doleserpeton, Platyrhinops, Amphibamus, Gerobatrachus, salamanders, Salientia
	yes
	no
	yes
	7.4

	Brachydectes, Eocaecilia
	yes
	no
	yes
	7.3

	Temnospondyli, salamanders, Salientia
	yes
	no
	yes
	7.3

	all “lepospondyls” except Adelogyrinus, Eocaecilia, Albanerpetontidae
	yes
	no
	yes
	7.1

	Doleserpeton, Gerobatrachus, salamanders, Salientia
	yes
	no
	yes
	7.0

	Batropetes, Eocaecilia
	yes
	no
	yes
	6.4

	Gerobatrachus, Lissamphibia except Eocaecilia
	yes
	no
	yes
	6.3

	Brachydectes, Lissamphibia except Eocaecilia
	yes
	yes
	yes
	6.1

	Rhynchonkos, Batropetes, Eocaecilia
	yes
	no
	yes
	6.1

	Pantylidae, Gymnarthridae, Rhynchonkos, Batropetes, Eocaecilia
	yes
	no
	yes
	5.9

	all “lepospondyls” except Utaherpeton and Adelogyrinus, Eocaecilia, Albanerpetontidae
	yes
	no
	yes
	5.2

	same as above except Albanerpetontidae and all “nectrideans” other than Ptyonius (!)
	yes
	no
	yes
	5.1


1 This only holds if highly unconventional arrangements like those found by McGowan (2002), where “lepospondyls” and lissamphibians are found inside Temnospondyli, are counted as acceptable within the polyphyly hypothesis.




